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Introduction
Flooded underground mines may constitute a potential geo-
thermal resource for low-temperature uses (Raymond and 
Therrien 2008; Wang et al. 2016; Wolkersdorfer 2008), or 
even for electricity production, if the reservoir has a suf-
ﬁciently high temperature. The closure of deep abandoned 
mines involves the cessation of the expensive pumping sys-
tems and the progressive groundwater rebound can cause 
transport of contaminants and energy. In these cases, the 
mine water may be a source of renewable energy (Banks 
et  al. 1997; Younger 2013) and their hydrogeochemis-
try may be useful in determining its origin and nature 
(Younger et al. 2015).
Thus, the use of mine water for geothermal purposes 
may provide an innovative opportunity to extract low-
grade geothermal energy (Janson et al. 2009; Jardón et al. 
2013; Kranz and Dillenardt 2010; Watzlaf and Ackman 
2006). Furthermore, the thermal energy potential of mine 
water may be estimated using mathematical models, which 
resolve heat, ﬂow, and mass transport equations in order 
to estimate the potential eﬃciency of geothermal mine 
water applications (Loredo et  al. 2016). In that sense, the 
geothermal potential of some ﬂooded mines has been 
assessed using diﬀerent numerical codes (Hamm and Sabet 
2010; Renz et al. 2009; Uhlík and Baier 2012). When deep 
ﬂooded underground mines are located in anomalous geo-
thermal areas, the potential use of the mine water for geo-
thermal energy production may be of interest. The potential 
of this may be extended to the entire groundwater system 
if the use of geothermometers or other geochemical tech-
niques indicate elevated equilibrium temperatures in the 
possible reservoir.
The mineral vein deposits mined in the Sierra Almagrera 
are mainly made up of galena, barite, siderite, and Ag-Pb 
Abstract We evaluated the hydrogeochemical character-
istics of water from the old ﬂooded Sierra Almagrera mines 
to determine the possible origin of its geothermal ﬂuids, to 
establish a geological–geochemical model of the geother-
mal system, and evaluate the site’s geothermal potential. 
The mine water contained high concentrations of chloride 
(59.6  g/L), Na (28  g/L), K (1.75  g/L), Ca (7.2  g/L), Mg 
(0.63 g/L), and Li (66 mg/L), especially in water from the 
old dewatering system. Metal concentrations were espe-
cially elevated in the old mine shafts, with high amounts 
of Fe (1990  mg/L), Mn (600  mg/L), Zn (460  mg/L), Pb 
(4 mg/L), and Ni (11.4 mg/L). The Cl/Br molar ratios of the 
water was high, which may indicate the possible leaching 
of natural halite from the evaporite deposits in the aquifer 
recharge area. The mine water had the most elevated tem-
peratures and are, possibly, representative of the extent of 
equilibration in most of the reservoir. The estimated mean 
temperatures in the geothermal reservoir, based on the tri-
angular (Giggenbach) Na–K–Mg diagram, was 190 °C for 
equilibrated waters, which may justify the development of 
this geothermal resource. The geothermal characteristics 
imply convection of groundwater to 2500–3000  m below 
sea level, in agreement with the hydrodynamic model 
proposed.
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sulfosalts (Ezquerra del Bayo 1844). In the nineteenth cen-
tury, about 45 polymetallic veins (0.15–7  m thick) were 
intensively exploited down to 180 m below sea level, which 
was the maximum depth allowed by the available ground-
water pumping system. Mining declined in the early twen-
tieth century and was discontinued at the beginning of 
the Spanish Civil War. Selective underground mining of 
high grade lead-silver veins was reinitiated in 1945 by the 
state-owned company MASA (Minas de Almagrera, S.A.) 
and ceased in 1957, when the exploitation level reached 
220 m below sea level and mining costs increased dramati-
cally (Navarro and Martínez 2010). Metal production in 
the Sierra Almagrera mining district during the most pro-
ductive period (between 1841 and 1912) was estimated at 
approximately 500,000 t of Pb and 3000 t of Ag (Navarro 
2016; Navarro et al. 2008). The geothermal ﬂuid was used 
during the modern exploitation in a since abandoned spa, 
located close the dewatering system in the Arteal area. An 
experimental deep well (EDW) was built in 1983 to evalu-
ate the feasibility of lithium exploitation from the geother-
mal ﬂuids, by Peñarroya Mining Co., although the results 
were negative.
The objectives of this study were to evaluate the hydro-
geochemical characteristics of the Sierra Almagrera mine 
water and determine the possible origin of its geothermal 
ﬂuids. In addition, the geochemical signatures of the com-
piled analysis were used to establish a geological–geo-
chemical model of the geothermal system and evaluate its 
geothermal potential.
Study Area
Geological Setting
Sierra Almagrera is located in the Betic range (SE Spain), 
and is associated with the internal zone of the Alborán 
domain (Fig. 1). The Betic range results from the conver-
gence between Africa and Eurasia plates since Eocene, 
and forms an alpine tectonic wedge that reaches a thick-
ness of about 60  km (Dyja 2014). The internal Alborán 
domain may be divided into three main tectono-meta-
morphic zones from the bottom to top: Nevado-Filábride 
Fig. 1  Situation and simpliﬁed geologic map, modiﬁed from López 
et  al. (1993): A Volcanic rocks (Neogene), B Neogene-Quaternary 
sediments, C Alpujárride complex, D Bédar-Macael unit (Nevado-
Filábride complex), E Calar Alto unit (Nevado-Filábride complex), 
PF Palomares Fault, TERR Terreros town, hp hydrothermal precipi-
tates. Experimental deep well and old mine shafts: 1 Arteal mine 
dewatering system (A1–A7, A18–A20 samples). 3 (EDW) Experi-
mental deep well (A24–A38, A42–A44 samples). 4 (DCP) Deep 
coastal piezometer built in 2009 (DCP sample). 5 Gloria mine shaft 
(A22, A40 samples). 6 (CA): Thermal water near Terreros town (CA 
sample). 7 Guzmana mine shaft (A12–A15, A21, A41 samples). 8 
Ramo de ﬂores mine shaft (A8–A11, A23, A39 samples)
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(Ragua, Calar Alto and Bédar-Macael units), Alpujárride, 
and Maláguide nappes.
The core of Sierra Almagrera consists of the lower 
lithologic Betic domain, called the Nevado-Filábride 
Complex (Booth-Rea et  al. 2004), which lies below 
the Alpujárride Complex (C in Figs.  1, 2). These strata 
mainly comprise black schists and quartzites approxi-
mately 800  m thick, metavulcanites, and black mica-
ceous marble located in the highest part of the series. 
This metamorphic unit is associated with Calar Alto unit 
(E in Figs. 1, 2) and is Paleozoic in age, with the marble 
deposited in the Middle Devonian.
The Alpujárride Complex consists of graphitic phyl-
lites and schists and an evaporitic unit in the Sierra de 
Almagro area, which comprise a thick sequence (600 m) 
of carbonates and evaporites (Fig.  2). Discordant sedi-
mentary materials of Neogene age are located around 
Sierra Almagrera (B in Figs.  1, 2). In the upper part 
(Salmerón formation), the sediments are characterized by 
up to 60  m of interbedded successions of red conglom-
erates, sandstones, siltstones, mudstones, and evaporites 
(Stokes 2008). Quaternary alluvial deposits comprise 
gravel and sandy beds that are approximately 30–40  m 
thick. They are irregularly distributed in alluvial terraces, 
associated with the Almanzora River and tributaries, such 
as Canalejas Creek.
Volcanic neogenic rocks (A in Figs.  1, 2), belonging 
to the NVPS (Neogenic volcanic province of SE Spain), 
lie along the western and eastern border of Sierra Alma-
grera, with a structure controlled by fractures. Since late 
Miocene, extensional and transcurrent tectonics have 
aﬀected the metamorphic cores and sedimentary cov-
ers in this region, producing a system of fractures N 
40–60 E and N 10–20 E, parallel to the Palomares fault 
(Figs. 1, 2). The tectonics also contributed to the forma-
tion of ranges separated by basins ﬁlled continental and/
or marine sediments.
The magmas may be associated with the Middle to 
Upper-Miocene extensional collapse of the over-thickened 
orogenic wedge and the extrusion of domes, sills, and necks 
through high-angle normal faults, disrupting the upper-
plate of the detachment systems (Benito et al. 1999). In the 
eastern part of the Sierra Almagrera, close to the NE bor-
der near the Mediterranean Sea, the outcropping volcanic 
materials consist of sills and dykes related to the main frac-
tured systems and characterized by shoshonitic (banakites 
and toscanites) and ultrapotassic series (Alvarez 1991).
Vein deposits exploited in Sierra Almagrera may be con-
sidered as epithermal of “intermediate sulﬁdation” (Cam-
prubí and Albinson 2006). The ore deposits are character-
ized by ore bodies that do not outcrop at the surface. Of 
remarkable interest is the presence of surface siliceous for-
mations (sinters) in the Terreros area and the coastal border 
of Sierra Almagrera (hp samples in Fig. 1), associated with 
the surface discharge of Plio-Quaternary geothermal ﬂuids.
Climatology and Hydrogeology
The study area has an arid climate with an average annual 
precipitation of 200 mm, with the exception of the Sierra de 
Almagro area where annual precipitation exceeds 250 mm, 
and an ephemeral surface runoﬀ, which can be consider-
able, since 50% of the annual precipitation can fall in a few 
days (Navarro and Martínez 2010). The main aquifers in 
the area of Sierra Almagrera are the fractured metamor-
phic geothermal system and the Canalejas alluvial aquifer, 
Fig. 2  Hypothetical P–P? 
(NW–SE) section across the 
geothermal system, based on 
De Sierra (1928): A Volcanic 
rocks (Neogene); B Neogene-
Quaternary sediments; C 
Alpujárride complex; D Bédar-
Macael unit (Nevado-Filábride 
complex); E Calar Alto unit 
(Nevado-Filábride complex); 
GW Regional groundwater ﬂow; 
PF Palomares Fault
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a tributary of the Almanzora River. The geothermal system 
is a low-permeability aquifer, associated with a fractured 
metamorphic network (schists and phyllites), which had to 
be controlled during the active life of the mines. Indeed, 
mining of the deeper ore bodies needed to extract approxi-
mately 15,000  m3/day, with increasing temperatures with 
depth. The main de-watering system comprised two deep 
wells located in the Arteal area (Fig. 1) connected with gal-
leries that were 332  m in length and drained mine water 
from approximately 220  m deep. Although the aquifer 
tends to be highly heterogeneous and has relatively low val-
ues of hydraulic conductivity and transmissivity, the values 
provided by historical data from pumping assays showed a 
macroscopic transmissivity between 180 and 255 m2/day.
The origin of the thermal waters was disputed for many 
years between the supporters of a marine or continental 
origin of geothermal waters (De Sierra 1928; Gomez Irib-
arne 1908; Souviron 1898). The regional groundwater ﬂow 
seems associated with the basin and range system, where 
the recharge is located in high relief areas of Sierra de 
Almagro and, possibly, in the coastal area, where a minor 
volume of sea water may inﬁltrate (Fig. 2). Historical mine 
water analysis obtained from old mining operators and 
the dewatering society of Sierra Almagrera, and pumping 
assays found between 1983 and 1985 (Carulla 2012) are 
all scientiﬁcally important since the dewatering system 
no longer exists and the deep experimental well drilled in 
1983 is not accessible.
Materials and Methods
Historical mine water analyses were obtained for the Arteal 
dewatering system, old mine shafts and EDW. Water sam-
ples were collected for analysis from sea water and a deep 
coastal piezometer (130 m) drilled close to the shoreline and 
geothermal wells near the town of Terreros (DCP in Fig. 1).
In the present water samples, the pH, redox potential 
(Eh; mV), temperature, and electrical conductivity (EC; μS/
cm) were measured in situ with portable devices (HACH 
sensIONTM378) after appropriate calibration and correc-
tion using standard solutions. Water samples were also ﬁl-
tered with a cellulose nitrate membrane with a pore size 
of 0.45  μm. Samples for cation analysis were later acidi-
ﬁed to pH < 2.0 by adding ultra-pure  HNO3. The samples 
were collected in 110 mL high-density polypropylene bot-
tles, sealed with a double cap, and refrigerated until analy-
sis. The groundwater samples were obtained after purging, 
using a bailer sampler and submersible pumps.
Metal concentrations were measured by inductively 
coupled plasma-mass spectrometry (ICP-MS) in the 
Actlabs laboratories. The concentrations of chloride, 
nitrate, and sulphate (in a second untreated sample) were 
analyzed by ion chromatography. The alkalinity of the 
waters was determined by titration. The NIST standard 
reference material 1640 (ICP-MS) was used to conﬁrm 
accuracy. Geochemist´s Workbench 9.0 (Bethke and 
Yeakel 2011) was used to evaluate the speciation of dis-
solved constituents and calculate the saturation state of 
mineral phases in the water samples.
The hydrothermal precipitates and host rock (meta-
morphic and volcanic rocks) were manually extracted to 
obtain samples of approximately 1.5  kg. Solid samples 
were passed through a jaw crusher to a particle size of 
ten mesh, quartered, pulverized in an agate mortar, re-
homogenized, and re-packed in plastic bags. Au, Ag, As, 
Ba, Br, Ca, Ce, Co, Cr, Cs, Eu, Fe, Hf, Hg, Ir, La, Lu, 
Na, Ni, Nd, Rb, Sb, Sc, Se, Sm, Sn, Sr, Ta, Th, Tb, U, W, 
Y, and Yb were quantitatively analyzed by instrumental 
neutron activation analysis (INAA), which involves bom-
barding the unaltered samples with neutrons. Mo, Cu, Pb, 
Zn, Ag, Ni, Mn, Sr, Cd, Bi, V, Ca, P, Mg, Tl, Al, K, Y, 
and Be were analyzed using inductively coupled plasma 
optical emission spectrometry (ICP-OES). These analy-
ses used a near-total digestion, employing HF,  HClO4, 
 HNO3, and HCl to get as much of the sample into solu-
tion as possible; the resulting metals were determined by 
ICP-OES in Actlabs (Ontario, Canada).
Results
Chemistry of Brines and Groundwater
Chemical analyses showed a Na-Ca chloride dominant 
facies, with a Cl content that reached 59.6  g/L, which 
Table 1  Hydrogeochemical data of 1906 (A1), 1933 (A2) and 1950 
(A3)
El Arteal mine dewatering system. A1 data from Gómez Iribarne 
(1908), A2 data from Carulla (2012), A3 data from Carulla (personal 
communication). Concentrations are in g/L
Parameter A1 A2 A3
Piezometric head (m) −146 m −160 m ND
Temperature (ºC) 50.5 55.3 49.0
Ca 4.29 6.07 3.2
K <0.01 2.51 1.125
Mg 0.576 0.664 1.38
Na 20.5 24.03 16.97
Cl 35.74 45.57 36.8
SO4 0.948 1.057 1.27
HCO3 0.063 <0.01 <0.01
Fe 0.043 0.055 0.08
Li ND 0.054 0.0875
Total salinity 66.61 86.10 68.45
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exceeds that of the Mediterranean Sea (Tables  1, 2, 3, 4, 
5). Na–Cl and Na–Ca–Cl were the dominant water type for 
thermal waters, with very high concentrations of Na, K, 
Ca, Mg, and Li, especially in waters from pumping assays 
(Tables  4, 5). High salt concentrations are quite rare in 
geological environments unless magmatic brines or evapo-
rites are present (Ingebritsen et al. 2008). The most saline 
geothermal waters are associated with geothermal brines 
Table 2  Hydrogeochemical data of May 1971
El Arteal mine dewatering (A4–A7), Ramo de Flores mine shaft (A8–A11) and Guzmana mine shaft (A12–A15). Data from Carulla (2012)
Parameter A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15
Piezometric head (m) −75 −122 −167 −212 −86 −118 −137 −164 −78 −98 −126 −150
pH, T (°C) 7.3, 33 6.8, 33 6.9, 33 6.8, 33 3.6, 35 4, 34 3.6, 34 3.6, 34 2.9, 30 2.9, 28 2.9, 32 3.0, 32
Salinity (g/L) (110°) 10,340 10,260 10,210 10,410 38,550 38,870 40,460 38,920 24,670 25,130 29,560 34,080
Salinity (g/L) (160°) 6260 7120 5890 6950 29,600 26,910 28,470 29,560 17,680 17,230 20,780 22,880
HCO3 (mg/L) 271 277 283 265 0 0 0 0 0 0 0 0
Cl (mg/L) 3430 3342 3410 3094 17,255 17,459 17,118 16,436 8593 8252 10,162 10,912
SO4 (mg/L) 3250 2750 3275 3575 4225 4075 4300 4300 7825 7575 8500 8600
Br (mg/L) 4.65 2.85 3.9 4.45 3.25 3.05 3.05 3.7 2.45 1.8 2.8 2.35
Si (mg/L) 4 3 4 2 2 2 2 2 2 2 2 2
Ca (mg/L) 616 608 648 624 1488 1480 1400 1568 312 240 400 376
Mg (mg/L) 267 282 282 272 1026 1075 1035 1021 1249 1244 1307 1589
Na (mg/L) 2650 2450 2450 2450 9750 8950 9150 8586 4300 4450 5350 6500
K (mg/L) 141 147 134 119 690 630 670 570 187 197 228 350
Li (mg/L) 5.5 5.5 6 5.5 27 27.5 27 26.3 13.2 13.2 16.7 18.7
Fe (mg/L) 0.2 0.5 1.9 0.7 157 119 206 216 1270 1400 1250 1610
Table 3  Hydrogeochemical 
data of 1973 (17-07-73/07-08-
73)
(*) El Arteal mine dewatering system. (1) Guzmana old mine shaft, (2) Gloria old mine shaft, (3) Ramo de 
Flores old mine shaft. Data from Carulla (2012)
Parameter A18 (*) A19 (*) A20 (*) A21 (1) A22 (2) A23 (3)
Piezometric head (m) −71.3 −121.3 −171.3 −149.5 −96.5 −144
Temperature (°C) 32 32.5 35 46 44.5 46.5
Cl (mg/L) 3600 3600 3800 7600 10,400 13,200
SO4 (mg/L) 2595 2400 2500 6720 8300 4180
F (mg/L) 1.8 3.6 2.1 3.4 4.2 3.9
Si (mg/L) 5.25 6.0 1.7 1 1 1.4
Ca (mg/L) 610 630 830 750 1700 660
Mg (mg/L) 290 290 1180 890 800 300
Na (mg/L) 1800 2100 1700 16,600 6000 7500
K (mg/L) 140 160 160 265 470 565
Li (mg/L) 6.8 6.8 6.4 12 20 20
Fe (mg/L) 1 1.78 17.2 1580 1990 398
Mn (mg/L) 15 1 1 380 600 250
Zn (mg/L) 1.6 1.2 2.3 460 360 130
Cu (mg/L) 1.5 1.8 1.7 12 1 1.4
Ba (μg/L) 15 18 18 12 15 14
Pb (μg/L) 50 50 50 3500 3000 4000
Ti (μg/L) 50 50 50 50 50 50
Zr (μg/L) 50 50 50 50 50 50
P (μg/L) 50 50 50 50 50 50
As (μg/L) 55 55 55 350 200 400
Ni (μg/L) 50 60 60 1200 1000 11,400
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derived from groundwater dissolution of evaporites, sub-
surface hydrothermal metamorphism, and surface evapo-
ration, such as the Salton Sea geothermal system (McKib-
ben et al. 1987; Mazzini et al. 2011), or groundwater ﬂow 
mixing with saline brines (Farber et al. 2007; Younger et al. 
2015).
In addition, elevated concentrations of metals were 
detected in the old mine shafts (Table  3), showing high 
amounts of Fe, Mn, Zn, Pb, and Ni, due to metal mobiliza-
tion from the vein deposits, by sulphide oxidation, and dis-
solution of eﬄorescent salts.
The Piper diagram (Fig. 3) shows the Na–Cl dominant 
character of the thermal samples, which plot in a narrow 
ﬁeld, with the exception of the low temperature samples 
from the old mine shafts and the seawater and coastal water 
samples (Tables 6). A plot of the Cl/Br molar ratio vs. Cl 
(in mg/L) showed a high Cl/Br molar ratio (1564–12,879) 
(Fig. 4), which may indicate the leaching of natural halite 
and/or Mesozoic halite dissolution (Alcalá and Custodio 
2008), from the evaporite deposits located in the aquifer 
recharge area.
Furthermore, the thermal water samples have Cl/Br 
ratios higher than those of seawater, indicating that the 
high salinity was not associated with marine water. How-
ever, possible mixing of halite-leaching brines with a small 
amount of sea water could produce a salinity similar to that 
detected in the geothermal ﬂuids.
The origin of the salinity may be indicated by a bivari-
ate plot of the Cl/Na ratio (Fig. 5). Dissolution of halite or 
dilution of halite brines produces water of relatively uni-
form chemical composition, as indicated in Fig.  5, where 
plots of Na contents of water samples vs. Cl concentration 
showed a correlation coeﬃcient of 0.91. In fact, the Alma-
gro and Almanzora units associated with the Alpujárride 
Complex (Fig.  2) contain two meta-evaporite sequences 
600 and 200 m thick, respectively, dominated by the pres-
ence of gypsum and other evaporitic rocks. Furthermore, 
in the tertiary sediments that ﬁlled the Vera basin (Fig. 2), 
the presence of 5–10 m thick evaporites is also frequently 
Table 4  Hydrogeochemical data of 1983
Data from Carulla (2012)
EDW experimental deep well, FR ﬂow rate, TDS total dissolved sol-
ids
Parameter A24 A25 A26 A38
Day 18–01 23–01 28–01 23–03
Dynamic piezometric 
head (m)
−176.8 −173 −173 −195
Drawdown (m) 7 3 3 25
Temperature (°C) 51.0 51.0 51.0 51.0
FR (L/s) 15 15 15 45
TDS (g/L) 103 103 103 100
pH 6.8 6.9 6.9 6
Cl (g/L) 58.9 59.3 59.6 57.5
SO4 (g/L) 0.82 0.89 0.95 1.01
Na (g/L) 28.2 28 28 27.4
K (g/L) 1.7 1.7 1.7 1.75
Ca (g/L) 7.2 7 7.06 6.75
Mg (g/L) 0.6 0.63 0.63 0.6
Li (mg/L) 65 65 65 66
Fe (mg/L) 48 47 32 33
Zn (mg/L) 2 1 1 1
In (mg/L) 0.9 1 1 0.8
Si (mg/L) 6.5 5 5 7.1
Table 5  Hydrogeochemical 
data of old mine shafts (OMS) 
and experimental deep well 
(EDW)
Data of 1986. Data from Carulla (2012)
Sample A39 (RAMO DE 
FLORES) (OMS)
A40 
(GLORIA) 
(OMS)
A41 (GUZ-
MANA) 
(OMS)
A42–A43–A44 EDW 
(550 m depth)
Topographic level (m) 246.96 223.33 249.53 103.86
Dynamic piezometric head (m) −52.5 −49.76 −49.59 −58.41
Sampling piezometric head (m) 390 300 420 200 350 500
Absolute piezometric head (m) −143 −76 −170.5 −96 −246 −396
TDS (g/L) 33.7 33.73 27.6 93.37 94.4 92.45
Cl (g/L) 16.33 12.07 9.95 52.9 53.6 53.6
SO4 (g/L) 4.2 8.6 7.55 0.77 0.69 0.68
Na (g/L) 7.05 5.25 4.25 24 23.3 23.3
K (g/L) 0.57 0.42 0.32 2.05 2.2 1.9
Ca (g/L) 1.65 0.95 0.85 8.5 8.6 9
Mg (g/L) 0.95 1.2 1.05 0.7 0.7 0.69
Li (mg/L) 21.3 18 12.8 67 67.5 67.3
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associated with massive and/or bedded/laminated beds 
(Stokes 2008).
The stable isotope data of the thermal water showed lit-
tle δO18 variance, ranging from −5.3 to −5.0‰ (Carulla 
2012). Gas geochemistry showed that the carbon isotopic 
δC13 compositions from  CO2 range from −8.1 to −3.8‰ 
(Cerón et  al. 2000), which exceeds the typical range for 
 CO2 derived from magmatic sources (−6.0 to −3.0‰; 
Mazzini et  al. 2011) and thermal decarbonation reactions 
(−5.0 to +4.0‰). This suggests that the ﬂowing water may 
comprise a combination of halite dissolution and dilution 
by meteoric waters, and possibly minor amounts of sea 
water inﬁltration in the coastal area. Data from pumping 
assays may represent the deep geothermal system (samples 
A24–A38 in Table  4 and samples A42–A44 in Table  5), 
while water from the old mine shafts may be a mixture of 
geothermal and superﬁcial water associated with recharge.
Groundwater Speciation and Mineral Equilibrium
Mineral saturation was determined for the most repre-
sentative thermal waters using Geochemist’s Worbench 
9.0 (Bethke and Yeakel 2011). Minerals with a saturation 
index (SI) between −1 and 1 likely control the makeup of 
Fig. 3  Piper diagram of most representative samples: A1 hydro-
geochemical data from 1906 (El Arteal mine dewatering system), 
A2 hydrogeochemical data from 1933 (El Arteal mine dewater-
ing system), A3 hydrogeochemical data from 1950 (El Arteal mine 
dewatering system), A4 hydrogeochemical data from 1971 (El Arteal 
mine dewatering system), A20 hydrogeochemical data from 1973 (El 
Arteal mine dewatering system), A21 hydrogeochemical data from 
1973 (Guzmana old mine shaft), A22 hydrogeochemical data from 
1973 (Gloria old mine shaft), A23 hydrogeochemical data from 1973 
(Ramo de Flores old mine shaft), A24 hydrogeochemical data from 
1983 (EDW: experimental deep well), A25 hydrogeochemical data 
from 1983 (EDW: experimental deep well), A38 hydrogeochemical 
data from 1983 (EDW: experimental deep well), A44 hydrogeochemi-
cal data from 1986 (EDW: experimental deep well), DCP hydrogeo-
chemical data from 2009 (deep coastal piezometer), SEA hydrogeo-
chemical data from sea water
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Table 6  Results of water sampling: present hydrogeochemical data of Mediterranean Sea, deep coastal piezometer (DCP), thermal water of Ter-
reros area (CA) and El Arteal mine dewatering
Analysis from Actlabs (Ontario, Canada)
C electrical conductivity (μS/cm), Eh mV, T temperature (°C), ND not determined
Parameter C Eh pH O2 T F Cl NO2 (as N) Br NO3 (as N) PO4 (as P) SO4 HCO3
Unit μS/cm mV mg/L °C mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
Anions in mg/L
 DCP 43,700 −109 6.84 3.45 19.0 <2 13,400 <2 45 <2 <3 2070 207
 SEA 66,100 74 8.17 8.5 18.0 <2 19,900 <2 65 <2 <5 2750 120
 CA 5760 55 7.74 7.77 19.8 <0.2 410 <0.2 <0.6 <0.2 <0.4 1490 360
 Arteal 9400 500 7.22 ND 29.3 <0.01 2265 <0.01 ND <0.01 4.2 1987 294
Parameter Na Li Mg Si K Ca Mn Fe Ni Cu Zn As Pb Th U
Units mg/L μg/L mg/L mg/L mg/L mg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L
Metals and semimetals in μg/L
 DCP 1000 200 1040 <20 341 420 2800 4000 250 120 130 33 22 <0.1 1.3
 SEA 1000 200 1530 <20 474 520 <10 <1000 480 150 80 <3 4 <0.1 3.6
 CA 614 500 215 <20 20 320 <10 <1000 60 420 630 <3 39 <0.1 29.7
 Arteal 1122 1700 244.9 10.1 77 502 1350 170 240 240 1260 ND 670 ND ND
Fig. 4  Bivariate plot of relationship Cl/Br (mol) versus Cl (mg/L)
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the water (Table 7). Thus, the composition of the thermal 
waters appears to be controlled by common rock-forming 
minerals such as albite and K-feldspar, while quartz is 
undersaturated and slightly saturated with respect to ther-
mal water with higher temperatures (samples A24 and 
A38) obtained during the pumping tests.
Fig. 5  Bivariate plot of relationship Na (mg/L) versus Cl (mg/L)
Table 7  Calculated saturation 
indices for groundwater and 
seawater
DCP deep coastal piezometer built by authors in 2009
Mineral A20 A21 A23 A24 A38 DCP SEA
Muscovite 5.48 3.28 4.07 – – 10.15 8.05
kaolinite 3.24 1.59 1.89 – – 6.02 3.64
Illite 2.61 0.58 1.16 – – 6.64 5.43
Alunite 0.86 −0.52 −0.15 – – 3.26 −3.97
K-feldspar 0.57 −0.67 0.05 – – 3.53 3.72
Siderite 0.04 1.95 1.36 0.35 −0.79 −0.72 −0.29
Calcite −0.13 −0.24 −0.25 0.89 −0.12 −0.56 0.53
Barite −0.26 −0.56 −0.48 – – 0.008 −0.48
Quartz −0.35 −0.69 −0.57 0.15 0.19 0.17 0.13
Chalcedony −0.61 −0.94 −0.82 −0.09 −0.05 −0.09 −0.13
Laumontite −0.95 −2.91 −2.44 – – 2.24 2.45
Albite −1.01 −1.31 −1.24 – – 2.10 2.32
Amorphous silica −1.57 −1.83 −1.71 −0.91 −0.91 −1.15 −1.19
Wairakite −5.06 −6.70 −6.21 – – −2.32 −2.10
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The thermal waters were undersaturated with respect to 
chalcedony, although the most heated samples were close 
to equilibrium, indicating that this mineral phase of dis-
solved  SiO2 may be controlling silica chemistry. The waters 
were also undersaturated with respect to barite, calcite, and 
wairakite; however, calcite was nearly in equilibrium and 
was saturated in sample A24, indicating possible control 
of carbonate dissolution. Thermal waters were clearly sat-
urated with respect to the main clay minerals (muscovite, 
kaolinite, and illite).
Chemical Geothermometry
Calculations were performed for the most representative 
thermal samples (Table 8) to assess the temperatures that 
might allow geothermal exploitation of the Sierra Alma-
grera reservoir. Chemical geothermometers are based on 
temperature-dependent water–rock equilibrium, and give 
the last temperature of water–rock equilibrium attained in 
the aquifer (Nicholson 1993). Nonetheless, application of 
geothermometers to mixed waters or partially equilibrated 
waters may produce poor results (Navarro et  al. 2011). 
Silica geothermometers are based on the temperature-
dependent solubility of various silica minerals, and the cal-
culated results are below the detected temperatures in ther-
mal water samples, with the exception of the QSL equation 
(Table 8). The use of quartz and chalcedony, which are sat-
urated or close to equilibrium (chalcedony), may produce 
likely temperatures; however, these calculations should be 
used with caution, since silica solubility may be controlled 
by amorphous silica in low temperature systems (Fournier 
1977), and amorphous silica is clearly undersaturated in 
thermal waters (Table 7). Furthermore, the low temperature 
results could be associated with cooling and/or mixing dur-
ing ﬂow to the surface (Han et al. 2010).
The empirical Na–K geothermometer can only be 
applied for low  CO2 fugacity, as shown by Giggenbach 
(1988). In addition, Na–K and Na–K–Ca geothermom-
eters may be used when, from the thermodynamic point of 
view, the equilibrium in the water–rock system is attained 
Table 8  Geothermometry 
results for the thermal waters
a Quartz geothermometer (Fournier 1977)
b Quartz steam loss geothermometer (Fournier 1977)
c K/Mg geothermometer (Giggenbach 1988)
d Na/Li geothermometer (Kharaka et al. 1982)
e Na/K geothermometer (Truesdell 1976)
f Na/K geothermometer (Fournier 1979)
g Na–K–Ca geothermometer (Fournier and Truesdell 1973)
Sample T °C (in situ) Quartza QSLb K/Mgc Na/Lid Na/ke Na/kf Na–k–Cag
A4 33.0 34 43 48 186 129 168 166
A5 33.0 26 35 48 191 139 177 171
A6 33.0 34 43 49 196 131 170 165
A7 33.0 14 24 50 191 121 162 160
A8 35 14 24 46 203 153 189 197
A9 34 14 24 47 210 153 189 195
A10 34 14 24 46 207 156 192 198
A11 34 14 24 49 210 139 177 185
A12 30 14 24 62 210 113 155 169
A13 28 14 24 61 208 114 156 173
A14 32 14 24 60 211 111 153 170
A15 32 14 24 57 206 130 169 187
A18 32 43 51 49 223 162 196 179
A19 32.5 48 55 48 213 160 195 180
A20 35 10 20 63 223 181 212 185
A21 46 – 8 54 132 49 98 136
A22 44.5 – 8 47 215 163 197 192
A23 46.5 5 15 36 201 159 194 203
A24 51 50 57 32 192 139 177 193
A25 51 45 52 32 193 140 178 193
A38 51 53 60 32 195 144 181 196
A44 51 – – 32 206 167 200 205
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and are based on the assumption that Na+ and K+ in ther-
mal waters are in simultaneous equilibrium with quite pure 
albite and feldspar. In the studied thermal waters, K-feld-
spar is close to equilibrium, and albite is undersaturated 
(Table  7). The obtained temperatures for the considered 
samples show a range of reservoir temperature estimates 
between 111 and 212  °C, with the exception of sample 
A21, which is from an old mine shaft and likely reﬂects 
a mixing with cold superﬁcial waters (Table 8). However, 
the sodium and potassium comes from minerals other than 
alkali feldspars, and consequently these two elements are 
not controlled by the feldspar ion-exchange reactions, pro-
ducing possible erroneous temperatures. The Giggenbach 
K/Mg geothermometer is based on that relationship, and 
relates to a rather fast equilibrium process, yielding equi-
librium temperatures that are lower than the Na–K geother-
mometer values (Table 8).
The Na–K–Ca geothermometer is a temperature indi-
cator that does not give high and misleading results for 
low-temperature thermal waters (Porowski and Dowgiallo 
2009). The results show temperatures between 160 and 
205 °C, except for sample A21, for the most representa-
tive samples (Table 8), in agreement with the values cal-
culated with the Na/K geothermometers.
The Na–K–Mg triangle (Fig.  6) deﬁnes the equi-
librium state of waters using the relationship between 
Na/1000, K/100, and  Mg1/2. The results vary within a 
wide range (Table 8), though it may be seen that samples 
from the deep experimental well (A24, A29, A30, A44) 
plot as partially equilibrated waters. These ﬂuids showed 
the most elevated temperatures and are, possibly, repre-
sentative of the extent of equilibration in most of the res-
ervoir. The mixed waters and mine water of the old mine 
shafts fall into the immature ﬁeld, indicating water–rock 
interactions during ﬂow or mixing with cold groundwa-
ter or seawater, which have not yet reached ionic equilib-
rium. The estimated mean temperatures in the geothermal 
reservoir based on the triangular diagram are 190 °C for 
equilibrated waters.
The use of Na–Li geothermometers may be more useful 
in predicting sub-surface formation water temperatures than 
equilibrium relationships involving quartz, carbonates, or 
feldspars. The Na/Li geothermometer relationship showed 
temperature values ranging from 0 to 365 °C, although the 
existence of diﬀerent Na/Li geothermometers indicate that 
the Na/Li ratios also depend on diﬀerent parameters, such 
as ﬂuid salinity, origin, and the nature of the geothermal 
reservoir rocks (Sanjuan et al. 2010). The results obtained 
were between 180 and 223 °C, with a mean temperature of 
about 201 °C.
Geochemistry of Recent Hydrothermal Precipitates
The Plio-Quaternary hydrothermal precipitates (hp samples 
in Fig. 1; Table 9) of siliceous character showed high As, 
Ba, Mn, Sr, Zn, and Hg (9  mg  kg−1) values in the sinter 
located near Terreros town in the northern area of Sierra 
Almagrera. The present calcareous precipitates (sample hp 
in Table 9) are located near the hot springs ﬂowing into the 
Canalejas Creek, and close to the deep wells that pumped 
geothermal waters for agricultural use. These precipitates 
are typical plant-rich, low temperature (<35 °C), distal car-
bonate deposits (Lynne 2012), which showed signiﬁcant 
amounts of Ni and Sr (Table 9).
The Plio-Quaternary hydrothermal precipitates are 
located in two areas: (1) close to the present shoreline in 
Fig. 6  Triangular (Giggenbach) 
diagram for most representative 
waters
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Sierra Almagrera (sample hp 1, Table 9), and (2) in the Ter-
reros fossil vent, NE of Sierra Almagrera (samples hp 2 to 
hp 4, Table 9). In the coastal area, a breccia sinter (terraces 
that contain broken sinter fragments re-cemented with sil-
ica) associated with iron oxy-hydroxide and barite, possi-
bly formed when hot springs ﬂowed intermittently. These 
deposits showed elevated levels of Ag (150 mg kg−1), As 
(410 mg kg−1), Cu (191 mg kg−1), Pb (30,649 mg kg−1), Sb 
(1100 mg kg−1), and Zn (3471 mg kg−1).
The Plio-Quaternary precipitates of the Terreros area 
(samples hp 2 to hp 4, Table 9), display signiﬁcant enrich-
ment of As (290  mg  kg−1), Ba (3200  mg  kg−1), and Sr 
(7454  mg  kg−1), and a Hg anomaly (9  mg  kg−1), similar 
to other hydrothermal venting areas (Brown and Simmons 
2003; Canet et  al. 2005; Saunders et  al. 2008; Sherlock 
2005). These hydrothermal precipitates are located near 
the present sea level in a fractured zone (Fig. 1), and could 
represent an old diﬀuse submarine venting area that formed 
the Mn, Ba, and Hg minerals, similar to those detected in 
shallow submarine environments (Canet et al. 2005). Man-
ganese oxide crusts and structureless detrital aggregates 
cemented by silica, barite, and calcite were detected in this 
area. A banded chalcedony–calcite–barite vein detected 
below these aggregates suggests that the hydrothermal 
activity has been long-lived. Hydrothermal activity along 
the faults limiting Sierra Almagrera have occurred since 
Miocene times, and recent activity may be responsible for 
the superﬁcial hydrothermal deposits.
Thermal Characteristics and Geothermal 
Potential
Preliminary investigations of the Sierra Almagrera geother-
mal system during the period 1983–1986 comprised sam-
pling of thermal waters, the construction of a 550 m deep 
experimental well, and some pumping assays in this well 
(Carulla 2012). The data allowed the drawing of a geo-
thermal gradient, and suggested the existence of a prob-
able basin and range ﬂow system (Fig. 2). In addition, the 
mean geothermal gradient (∆G = 0.0675  °C  m−1) associ-
ated with this reservoir temperature indicated a possible 
groundwater ﬂow of 2500–3000 m below sea level, where 
the heat source may be located. These data also agree with 
the hydrodynamic model proposed (Fig. 2). Assuming heat 
production associated with radiogenic elements (U, Th, and 
K), the theoretical geothermal gradient was built using the 
analytical solution of 1-D conductive heat transport in the 
crust:
where T is the temperature (K), A is the radiogenic heat 
production (μw m−3), λ is the thermal conductivity of rocks 
(w m−1 K−1),  Qm is the heat ﬂow from mantle (mw m
−2), z 
is the depth (m),  T0 is the superﬁcial temperature (K), and h 
is the crustal thickness (m).
Moreover, the radiogenic heat generation was estimated 
using the Rybach equation (Rybach 1988):
where ρ is the density of the rock (kg m−3),  CU is the ura-
nium content (ppm),  CTh is the thorium content (ppm); and 
 CU is the potassium content (%).
Contents of U, Th, and K were determined from vol-
canic rocks of the study area and metamorphic rocks of 
Sierra Almagrera (Table 9). Results from most radiogenic 
shoshonitic samples showed a gradient of 0.12 °C/m, and 
the gradient associated with schists was 0.0325  °C/m. 
These results were diﬀerent from gradients measured in 
the experimental well, indicating, possibly, a thermal focus 
associated with other heat production processes.
The classical methods used to estimate the geothermal 
potential may be grouped into diﬀerent classes, with the 
(1)T(z) = (−A∕2휆)z
2 +
{(
Qm + Ah
)
∕휆
}
z + T0
(2)
A
[
휇w m−3
]
= 10−5휌
[
kg m−3
] {
9.52 ⋅ CU
+ 2.56 ⋅ CTh + 3.84 ⋅ CK(%)
}
Table 9  Geochemistry of rocks, fossil and present hydrothermal precipitates
Data in ppm except Fe and K (%). (1) Breccia sinter located close the shoreline. (2) Banded chalcedony-calcite vein (false agate). (3) Banded 
chalcedony-calcite-barite vein. (4) Cemented aggregates. hp hydrothermal precipitate. Analysis from Actlabs (Ontario, Canada)
Sample Ag As Ba Cu Hg Fe Mn Ni Pb Sb Sr Zn U Th K
Schists <5 23 460 28 <1 5.2 261 48 87 3.4 157 112 3 15 2.62
Shoshonitic dacite <5 76 1700 32 <1 2.82 111 94 1512 9.4 367 180 18 52 7.71
Shoshonitic andesite <5 99 2300 56 <1 3.65 428 197 177 3.6 1020 486 48 81 3.91
Present hp <5 46 90 5 <1 1.57 311 202 11 1.4 1271 49 3.3 6.5 0.69
Plio-Quaternary hp (1) 150 410 1800 191 <1 37.4 22,048 108 30,649 1100 282 3471 <0.5 <0.2 <0.01
Plio- Quaternary hp (2) <0.4 290 150 10 <1 0.25 40 52 106 9.7 7454 386 8.4 <0.2 0.01
Plio-Quaternary hp (3) <0.4 2.6 530 2 <1 0.08 19 8 9 0.3 249 55 0.6 <0.2 0.01
Plio-Quaternary hp (4) <5 34 3200 83 9 0.2 3680 43 4 6.9 500 160 <0.5 <0.5 ND
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volume method being of great applicability in diﬀerent 
geological-hydrogeological settings (Doveri et  al. 2010). 
Thus, the thermal power (W) extractable from the geother-
mal reservoir may be a useful way to evaluate the Sierra 
Almagrera geothermal potential. The thermal power may 
be calculated from the following equation:
where W is the thermal power (W), ρw is the ﬂuid density 
(kg/m3), Q is the ﬂow rate  (m3/s),  Cw is the speciﬁc heat 
capacity of the ﬂuid (J/kg K),  Ti is the average temperature 
of the reservoir (190 K), and  T0 is the reference tempera-
ture (298.15 K).
Using Eq.  (3) and a possible temperature interval 
between 75 and 190 °C, a heat capacity of 4.46·103 J/kg K, 
and a ﬂow rate of 0.176 m3/s, equivalent to the historical 
ﬂow rate of the Sierra Almagrera dewatering system, the 
maximum thermal power of an individual production well 
could be between 38.1 and 120.8 MW.
Conclusions
Chemical analysis of thermal samples showed a Na-Ca 
chloride dominant facies with a Cl content that reached 
59.6  g/L, which exceeds that of the Mediterranean Sea. 
Na–Cl and Na–Ca–Cl were the dominant water types for 
thermal waters, with high concentrations of Na, K, Ca, Mg, 
and Li, especially in water from pumping tests. Elevated 
metal concentrations were detected in old mine shafts, 
including high amounts of Fe, Mn, Zn, Pb, and Ni.
Thermal water samples have Cl/Br ratios higher than 
those of seawater, indicating that the high salinity cannot 
be associated with marine water. The origin of the salin-
ity may be due to halite dissolution or dilution of halite 
brines, producing water of relatively uniform chemical 
composition.
Thermal mine waters had the most elevated tempera-
tures and are, possibly, representative of equilibration 
in most of the reservoir. Mixed waters and mine water 
of old mine shafts fall into the immature ﬁeld, indicating 
water–rock interactions during through ﬂow or mixing with 
cold groundwater or seawater, which have not yet reached 
ionic equilibrium. The estimated mean temperatures in the 
geothermal reservoir based on the triangular diagram are 
190  °C for equilibrated waters, which justify the possible 
development of this geothermal resource.
The calculation of the thermal power (W) extractable 
from the geothermal reservoir, using a possible temperature 
interval of between 75 and 190 °C, indicated that the maxi-
mum thermal power of an individual production well could 
be between 38.1 and 120.8 MW.
(3)W = 휌w ⋅ Q ⋅ Cw
(
Ti − T0
)
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